The hepatitis A virus (HAV) cellular receptor 1 (HAVCR1/ TIM1) is a type 1 integral membrane glycoprotein consisting of a characteristic six-cysteine immunoglobulin (Ig)-like domain extended above the cell surface by a mucin-like domain that contains a variable number of threonine, serine, and proline (TSP) hexameric repeats (19). The monkey (19) and human (13) HAVCR1/TIM1 were the first identified members of the T-cell immunoglobulin mucin (TIM) family, an immunologically important group of receptors (22, 28, 29, 32 ) that is conserved in vertebrates. Although HAV is a hepatotropic virus that causes acute hepatitis in humans, infection with HAV has been shown to greatly reduce the risk of developing asthma and allergy in humans (26, 27) . Because the gene encoding HAVCR1/TIM1 has been shown to be an important asthma and allergy susceptibility gene in humans (14, 15, 29, 30 ), it appears that HAVCR1/TIM1 plays a critical role in regulating T-cell differentiation (29) and the development of atopy (30). However, the precise immunological mechanisms by which HAV infection prevents atopy and the exact mechanisms by which HAVCR1/TIM1 functions normally in the absence of HAV infection to regulate immune responses are not fully understood.
The hepatitis A virus (HAV) cellular receptor 1 (HAVCR1/ TIM1) is a type 1 integral membrane glycoprotein consisting of a characteristic six-cysteine immunoglobulin (Ig)-like domain extended above the cell surface by a mucin-like domain that contains a variable number of threonine, serine, and proline (TSP) hexameric repeats (19) . The monkey (19) and human (13) HAVCR1/TIM1 were the first identified members of the T-cell immunoglobulin mucin (TIM) family, an immunologically important group of receptors (22, 28, 29, 32) that is conserved in vertebrates. Although HAV is a hepatotropic virus that causes acute hepatitis in humans, infection with HAV has been shown to greatly reduce the risk of developing asthma and allergy in humans (26, 27) . Because the gene encoding HAVCR1/TIM1 has been shown to be an important asthma and allergy susceptibility gene in humans (14, 15, 29, 30) , it appears that HAVCR1/TIM1 plays a critical role in regulating T-cell differentiation (29) and the development of atopy (30) . However, the precise immunological mechanisms by which HAV infection prevents atopy and the exact mechanisms by which HAVCR1/TIM1 functions normally in the absence of HAV infection to regulate immune responses are not fully understood.
In mice, Tim-1 has been shown to be an important T-cell costimulatory molecule, which is preferentially expressed on T helper 2 (Th2) cells (48) . Cross-linking of mouse Tim-1 enhances T-cell proliferation and cytokine production and prevents the induction of respiratory tolerance, resulting in airway hyperreactivity, a cardinal feature of asthma (48) . Tim-1 costimulation requires its cytoplasmic tail and a conserved tyrosine that can be phosphorylated (8) . In humans, HAVCR1/TIM1 is expressed in Th2 cell lines, is associated with remission in patients with multiple sclerosis (21) , and is highly expressed in kidneys (19) primarily after injury (16) or in tumors (50) . Recently, mouse Tim-4, a TIM family member expressed on antigen-presenting cells (APCs), has been shown to be a ligand for Tim-1 (31) . However, whether human TIM4, the ortholog of mouse Tim-4, functions as a ligand of human HAVCR1/ TIM1 is not known.
Using an expression cloning strategy with a soluble form of the HAVCR1/TIM1 containing the HAVCR1/TIM1 Ig variable-like (IgV) region fused to the Fc fragment of a human IgG1 antibody [HAVCR1/TIM1(IgV)-Fc], we identified IgA as a specific ligand of HAVCR1/TIM1. The interaction between HAVCR1/TIM1 and IgA is specific, since it was blocked with monoclonal antibody (MAb) to immunoglobulin alpha 1 heavy (Ig␣1) or lambda light (Ig) chain, with anti-HAVCR1/TIM1 MAb, or by treatment with excess IgA1 antibody but not with IgM. More interestingly, binding of IgA to HAVCR1/TIM1 enhanced the virus-receptor interaction. Although HAVCR1/TIM1 is sufficient for binding and alteration of HAV particles (43, 44) , steps that are required for cell entry, it is possible that IgA may play a role in vivo by enhancing the interaction of the virus with the receptor under nonfavorable infection conditions such as low receptor levels. These results contribute to our understanding of the role of HAVCR1/TIM1 in the pathogenesis of HAV and provide insight into the possible natural function of HAVCR1/TIM1 in humans and the mechanisms by which HAVCR1/TIM1 may regulate the development of immune responses and atopy.
MATERIALS AND METHODS

Cells and virus.
Chinese hamster ovary (CHO) cells deficient in the enzyme dihydrofolate reductase were obtained from the American Type Culture Collection (ATCC). Perro6D cells derived from canine osteogenic sarcoma D-17 cells (ATCC) transfected with EBNA-1 cDNA are resistant to the antibiotic G418 and have an increased transfection efficiency for episomal plasmids containing an Epstein-Barr virus P1 origin of replication (46) .
African green monkey kidney cells of the GL37 strain (47) (GL37 cells) were grown in complete medium containing Eagle's minimal essential medium (EMEM) and 10% fetal bovine serum (FBS).
The cell culture-adapted HM-175 strain of HAV derived from infectious cDNA (7) and passaged 100 times in BS-C1 cells was grown in GL37 cells.
Antibodies and purified human immunoglobulins. Mouse anti-human Ig␣1 (IgA1), Ig, and Ig MAbs were obtained from Southern Biotechnology, Inc. The anti-human IgA MAb was labeled with anti-mouse Fc R-phycoerythrin (RPE)-labeled Fab fragments using Zenon technology as suggested by the manufacturer (Molecular Probes and Invitrogen). Anti-FLAG peptide MAb M2 was purchased from Sigma Co. Anti-human integrin ␣3 MAb was purchased from Invitrogen, Inc. Unlabeled goat anti-human IgG or IgA antibodies and peroxidase-labeled goat anti-mouse IgG, anti-human IgA, and anti-human IgM antibodies were purchased from Kirkegaard & Perry Laboratories (KPL), Inc.
Purified human secretory IgA (sIgA) and human IgM were purchased from Serotec, Inc. Purified human myeloma IgA1, IgM, and Ig were purchased from The Binding Site, Inc.
Fusion proteins. The schematic representations of the Fc fusion proteins used in this work are in Fig. 1 . All fusion proteins contain the same Fc and hinge fragments of human IgG1 (Fc tail) and were constructed as described previously (43) with minor modifications. For this work, we constructed HAVCR1/ TIM1(IgV)-Fc, which contains the Ig-like region and three TSP repeats of the mucin-like region of HAVCR1/TIM1 tagged at the N terminus with peptide DTKDDDK (FLAG) fused to the Fc tail. We also constructed HAVCR1/ TIM1(IgVϩmuc)-Fc, which contains the whole ectodomain (Ig-like plus mucinlike regions) of human HAVCR1/TIM1 fused to the Fc tail. We also used the following three previously constructed Fc fusion proteins: mkHAVCR1/ TIM1(IgV)-Fc, which contains the Ig-like region and two TSP repeats of the mucin-like region of monkey HAVCR1/TIM1 tagged at the N terminus with peptide DTKDDDK (FLAG) fused to the Fc tail (43); mkHAVCR1/ TIM1(IgVϩmuc)-Fc, which contains the Ig-like region and 27 TSP repeats of the mucin-like region of the monkey HAVCR1/TIM1 tagged at the N terminus with peptide DTKDDDK (FLAG) (44) ; and PVR-Fc, which contains the ectodomain of the poliovirus receptor fused to the Fc tail (43) . All these Fc fusion proteins were produced in stably transfected CHO cells and purified in protein A columns as described previously (43) .
Generation of monoclonal antibodies against human HAVCR1/TIM1. Anti-HAVCR1/TIM1 hybridomas were generated by immunization of BALB/cByJ mice subcutaneously with HAVCR1/TIM1(IgV)-Fc ( Fig. 1 ) in complete Freund's adjuvant and boosting of them multiple times with HAVCR1/ TIM1(IgV)-Fc in phosphate-buffered saline (PBS) (100 g). One day following the last boost, lymph node cells were fused with NS1 myeloma cells and cloned, and the hybridomas were screened by cell surface staining of HAVCR1/TIM1-transfected CHO cells and screened for lack of reactivity with untransfected cells. Ten anti-HAVCR1/TIM1 specific hybridomas were subcloned. Hybridoma 3D1 (mouse IgG1) was chosen for further analysis on the basis of blocking the interaction of HAVCR1/TIM1 with an unidentified ligand and for robust staining.
Expression cloning of human HAVCR1 ligands. A human lymph node cDNA library (Edge Biosystems, Inc) constructed in pEAK8, an episomal shuttle vector containing prokaryotic ColE1 and eukaryotic Epstein-Barr virus P1 origins of replication and selectable markers for ampicillin and puromycin, was transfected into Perro6D cells, and transfectants were selected with puromycin. Briefly, Perro6D monolayers grown in 150-cm 2 flasks were transfected with 2 g of purified DNA from the human lymph node cDNA library or control pEAK8 and 30 l of Fugene 6 as recommended by the manufacturer (Roche). Transfectants were selected with 2 g/ml of puromycin, detached from the plates with 0.5 mM EDTA in PBS, and panned (1, 19, 41) three times into polystyrene petri dishes coated with purified soluble HAVCR1/TIM1(IgV)-Fc or PVR-Fc. To enrich for cells that did not bind to the Fc tail, transfectants were panned in the presence of excess of PVR-Fc and depleted of Fc␥RII (CD32)-positive cells using antimouse IgG paramagnetic beads bound to anti-human CD32 MAb and magnetic separation. To rescue episomal plasmids from Perro6D-clone 1 cells, Hirt supernatant DNA (17) was prepared and used to transform Escherichia coli XL10-GOLD ultracompetent cells as suggested by the manufacturer (Stratagene). Ampicillin-resistant colonies were selected, plasmids were purified, and nucleotide sequence of the inserted cDNAs was obtained by automated sequencing using the ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems) and the ABI Prism (model 3100) analyzer (Applied Biosystems). The obtained nucleotide sequences were compared to GenBank using the BLAST program.
Bead binding assays. Purified soluble receptor, HAVCR1/TIM1(IgV)-Fc or PVR-Fc, was covalently coupled to 6-m blue carboxylated microparticles using the carbodiimide kit as suggested by the manufacturer (Polyscience, Inc.). For binding assays, cell monolayers were grown in 12-well plates and incubated with coupled beads in PBS-2% FBS for 30 to 45 min at room temperature. Unbound beads were washed extensively, and monolayers were examined under an inverted microscope at ϫ50 to ϫ100. (43, 44) . The PVR-Fc construct containing the whole poliovirus receptor ectodomain (IgV, IgC1, and IgC2 domains) fused to the same Fc tail (43) was used as a negative control.
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were treated with 5 g of purified MAbs or purified human myeloma immunoglobulins (IgA1, IgM, and Ig) before being added to cell monolayers. Immunochemical detection. Expression of human CD32 on Perro6D cell transfectants and IgA on Perro6D-clone 1 cells was analyzed by a cell surface enzyme-linked immunosorbent assay (ELISA) on live cells grown in 96-well plates (18) .
For the capture ELISA, 96-well ELISA plates were coated with 1 g/ml goat anti-human IgA in bicarbonate buffer, washed, and blocked with 5% bovine serum albumin in PBS. Twofold dilutions of supernatants of dog cell transfectants grown in the presence of 20 g/ml puromycin were titrated on the plates in duplicate. Binding of IgA to the plates was detected by staining with 0.33 g/ml mouse anti-human IgA MAb and 0.5 g/ml goat anti-mouse peroxidase-labeled antibody. Plates were developed with TMB One-Component (KPL Inc.) substrate and read at 450 nm in an ELISA plate reader.
In vitro receptor binding assay. For the in vitro assay to study binding of human IgA to HAVCR1/TIM1, HAVCR1/TIM1(IgV)-Fc or PVR-Fc (1 g/ml) was captured on 96-well plates (Nunc, Inc.) coated with 1 g/ml goat anti-human IgG1 Fc. Twofold dilutions of supernatants of dog cell transfectants were titrated in duplicate on the plates. After incubation at room temperature for 1 h, plates were washed extensively and stained with peroxidase-labeled anti-human Ig〈 for 1 h at room temperature. Similarly, to analyze whether IgA also binds to monkey HAVCR1/TIM1, mkHAVCR1/TIM1(IgV)-Fc, HAVCR1/TIM1(IgV)-Fc, or PVR-Fc (1 g/ml) was captured on the 96-well plates, and sIgA or control IgM was titrated on the plates and stained with peroxidase-labeled anti-human antiIg〈 or anti-Ig⌴, respectively.
Plates were washed extensively, One-Component TMB was added, the reaction was stopped with acid treatment as suggested by the manufacturer (KPL Inc.), and absorbance at 450 nm was determined in an ELISA plate reader.
Flow cytometry. Flow cytometry was done in a FACSCalibur cytometer, and data were processed with the CellQuest program (Becton Dickinson). Cells were stained with HAVCR1/TIM1(IgV)-Fc or PVR-Fc labeled with RPE-Fab to human Fc using the Zenon technology as recommended by the manufacturer (Molecular Probes and Invitrogen, Inc.).
HAV infection in the presence of IgA. Absence of anti-HAV antibodies in the sIgA preparation was analyzed by incubating 10 5 50% tissue culture infective doses (TCID 50 ) of HAV with 10 g of healthy human sIgA or IgM (negative control) in 0.5 ml of EMEM-10% FBS for 2 h at 37°C. Samples were diluted one-fourth in EMEM-10% FBS and filtered through an 0.22-m sterile filter. Residual HAV infectivity was titrated by an endpoint dilution ELISA. To do so, 10-fold dilutions of the virus were titrated in 96-well plates containing GL37 cells using eight repetitions per dilution. After incubation for 10 days at 35°C under 5% CO 2 , cells were fixed with 90% methanol and stained with anti-HAV antibodies, a secondary peroxidase-labeled antibody, and TMB One-Component substrate (KPL Inc.) as previously described (43) . Viral titers were assessed using the Reed and Muench method (36) .
To analyze the effect of IgA in virus infection, confluent monolayers of GL37 cells in six-well plates were treated with 1, 5, or 10 g of sIgA in 0.5 ml of cell culture medium or mock treated. After 30 min at room temperature, 5 ϫ 10 5 TCID 50 of HAV was added per well and the plates were incubated at 35°C under 5% CO 2 . After 3 h of adsorption, monolayers were washed three times, complete medium was added, and plates were incubated at 35°C under CO 2 . At different times postinfection, plates containing the GL37 cell monolayers were frozen at Ϫ70°C. HAV was released from the cells by three freeze-and-thaw cycles, cell debris was pelleted, and virus in the supernatants was titrated by an endpoint dilution ELISA in GL37 cells as described above.
Neutralization of HAV by soluble receptors. Soluble receptor-mediated neutralization of HAV was performed as described previously (44) with minor modifications. Briefly, 10 5 TCID 50 of HAV was incubated with normal human sIgA (5 g), control normal human IgG (5 g), or medium in 0.5 ml of EMEM-10% FBS for 2 h at 37°C. For neutralization with the short form of the HAV receptor, 40 g of mkHAVCR1/TIM1(IgV)-Fc or negative-control PVR-Fc was added and incubated overnight at 4°C. For neutralization with the long form of the HAV receptor, 4 g of mkHAVCR1/TIM1(IgVϩmuc)-Fc or PVR-Fc was added and incubated overnight at 4°C. Residual infectious HAV was titrated in 96-well plates containing GL37 cells using eight repetitions per 10-fold dilution. After 3 h of adsorption, wells were washed three times with EMEM-10% FBS, and plates were incubated for 10 days at 35°C under 5% CO 2 . Cells were fixed, and HAV titers were determined by ELISA as described above using the Reed and Muench method (36) .
Statistical analysis. P values between two treatments were calculated using an unpaired t test.
RESULTS
Expression cloning of HAVCR1/TIM1 ligands. The only known ligand of HAVCR1/TIM1 is HAV, which usurps this receptor to enter the cell (12, 13, 19) . To identify natural ligands of HAVCR1/TIM1, we used an expression cloning strategy in which Perro6D cells, a dog osteosarcoma cell line developed in our lab that is highly transfectable and allows maintenance of episomal plasmids containing a P1 origin of replication (46) , were transfected with a human lymph node cDNA library cloned into the episomal shuttle vector pEAK8. We used conditions that allowed incorporation of 1 to 10 plasmids per cell and selected cell transfectants with 2 g/ml puromycin. The Perro6D-transfected cells were panned on petri dishes coated with soluble forms of HAVCR1/TIM1 shown in Fig. 1 . These fusion proteins included a construct called HAVCR1/TIM1(IgV)-Fc, in which the Ig-like region of HAVCR1/TIM1 was fused to human IgG1 Fc, as well as HAVCR1/TIM1(IgVϩmuc)-Fc, in which both the Ig-like and mucin regions of HAVCR1/TIM1 were fused to human IgG1 Fc. As a negative control, we used PVR-Fc (43), a construct containing the complete ectodomain of the poliovirus receptor consisting of three Ig domains fused to human IgG1 Fc.
To enrich for cells that bound specifically to the HAVCR1/ TIM1 Ig-like region and not to the Fc tail, the transfectants were first treated with excess PVR-Fc, which contains the same Fc tail as does HAVCR1/TIM1(IgV)-Fc, and then panned to petri dishes coated with HAVCR1/TIM1(IgV)-Fc. We further depleted transfected cells expressing the Fc␥RII receptor (CD32) by magnetically depleting cells that were stained with anti-human CD32 MAb. After this enrichment process, 20 transfected Perro6D cell clones were isolated and analyzed for the expression of HAVCR1/TIM1 ligands (Fig. 2) . We tested the Perro6D cell clones by panning them on coated petri dishes and binding them to color latex beads coated with soluble receptors. The panning and latex bead assays gave similar results. In spite of our efforts, 10 of the transfected Perro6D cell clones expressed CD32 and bound HAVCR1/TIM1(IgV)-Fc and PVR-Fc (clone Perro6D-CD32 Fc␥RII is an example). Nine of the clones expressed neither CD32 nor bound soluble receptors (Perro6D-clone D1 is an example). However, one clone, termed Perro6D-clone 1, specifically bound to HAVCR1/ TIM1(IgV)-Fc but not to PVR-Fc, did not express CD32, and expressed a ligand of HAVCR1/TIM1. Human IgA1 is expressed at the cell surface of Perro6D-clone 1 cells. To identify the HAVCR1/TIM1 ligand in the Perro6D-clone 1 cells, we transformed E. coli with episomal DNA extracted from Perro6D-clone 1 cells. Nucleotide sequence analysis of the rescued plasmids revealed that they encoded full-length human immunoglobulin heavy ␣1 and light chains. A cell surface ELISA (Fig. 3) showed that Perro6D-clone 1 cells expressed human IgA1 and Ig at the cell surface. (Fig. 4B) , which indicated that the 3D1 epitope is involved in the interaction of HAVCR1/TIM1 with IgA. Taken together, these experiments proved that IgA binds specifically to the Ig-like domain of HAVCR1/TIM1. Further work will be required to determine whether IgA1, IgA2, or IgA2 as well as other human immunoglobulins is also a ligand of HAVCR1/TIM1. Human IgA1 alone is sufficient for binding to HAVCR1/ TIM1. To test whether IgA expressed in the Perro6D-clone 1 cells was sufficient for binding to HAVCR1/TIM1 and to confirm that no additional molecules from human or dog origin were required for the interaction, we cotransfected Perro6D cells with the plasmids coding for Ig␣1 and Ig rescued from Perro6D-clone 1 cells. Cell transfectants were selected with 2 g/ml puromycin and termed Perro6D-IgA1. To increase the expression of IgA, cells were grown in 20 g/ml puromycin. A capture ELISA (Fig. 5A) showed that Perro6D-IgA1 and Perro6D-clone 1 cells but not Perro6D cells secreted IgA1 into the cell culture medium. However, a cell surface ELISA (Fig. 5B) showed that Perro6D-clone 1 but not Perro6D-IgA1 expressed IgA1 at the cell surface. These results indicated that Perro6D-clone 1 cells contain an IgA binding molecule at the cell surface not present in the majority of the Perro6D cells. This unexpected characteristic of binding of IgA1 to the cell surface allowed us to select the Perro6D-clone 1 cells by panning to petri dishes coated with HAVCR1/TIM1(IgV)-Fc.
Since our results showed that IgA1 bound to the cell surface of Perro6D-clone 1 cells but not to the cell surface of Perro6D-IgA1, it was of interest to determine whether IgA1 was sufficient for binding to HAVCR1/TIM1. We set up an in vitro binding ELISA to analyze binding of IgA to HAVCR1/ TIM1(IgV)-Fc captured on ELISA plates coated with goat anti-human IgG Fc (Fig. 6) . IgA1 secreted by Perro6D-IgA1 and Perro6D-clone 1 cells bound to HAVCR1/TIM1(IgV)-Fc but not to control PVR-Fc. Similarly, human sIgA and myeloma IgA bound to HAVCR1/TIM1(IgV)-Fc but not to PVR-Fc (Fig. 7A) . These data indicated that IgA1 is sufficient for binding to HAVCR1/TIM1 and further confirmed that IgA is indeed a natural ligand of this receptor.
Binding of IgA to HAVCR1/TIM1 does not block HAV infection. Our finding that IgA is a ligand of HAVCR1/TIM1 raised the possibility that IgA could block the interaction of HAV with HAVCR1/TIM1. Since we previously showed that GL37 cells are infected with HAV via the monkey homolog of HAVCR1/TIM1 (19) , mkHAVCR1/TIM1, we used GL37 cells to address this question. We first determined in a capture ELISA that mkHAVCR1/TIM1, which shares a high degree of homology with human HAVCR1/TIM, also binds IgA ( 
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on October 15, 2017 by guest http://jvi.asm.org/ bound similar levels of sIgA whereas control PVR-Fc did not bind sIgA, and none of the Fc fusion proteins bound control IgM. We then verified that our preparation of sIgA did not contain anti-HAV antibodies that could neutralize the virus (Fig. 7B ). HAV (10 5 TCID 50 ) was treated with 10 g of human sIgA or control IgM or mock treated, incubated at 37°C for 2 h, and titrated on 96-well plates containing monolayers of GL37 cells. After 10 days of incubation at 35°C, cells were fixed with methanol and stained with anti-HAV antibodies (46) . Similar HAV titers were obtained with all treatments, which indicated that the preparation of sIgA used in our experiments did not contain anti-HAV neutralizing antibodies. We finally analyzed whether IgA can block HAV infection (Fig. 7C) . GL37 cells were treated with 1, 5, or 10 g of sIgA for 30 min and then infected with HAV at a multiplicity of infection of 1 to 5 TCID 50 per cell. Viral titers were determined at different times postinfection by an endpoint dilution ELISA. This one-step growth curve analysis showed that HAV grew similarly in the presence and in the absence of sIgA, which indicated that IgA did not affect HAV infection of GL37 cells.
Human IgA enhances the virus-receptor interaction. Our finding that IgA did not block HAV infection in GL37 cells suggested that IgA and HAV may bind to different epitopes on HAVCR1/TIM1. Since HAV grows poorly in cell culture and tends to bind nonspecifically to cells and surfaces, it is extremely difficult to perform binding assays and almost impossible to quantitate meaningful results. Therefore, we used a soluble receptor neutralization assay that mimics the initial steps in HAV infection (43, 44) to further characterize the interaction of HAV with HAVCR1/TIM1 in the presence of IgA. We previously showed that mkHAVCR1/TIM1(IgV)-Fc ( Fig. 1 ) neutralizes approximately 0.5 log of HAV infectivity by blocking receptor binding sites on the viral particles whereas mkHAVCR1/TIM1(IgVϩmucin)-Fc (Fig. 1) , which contains the 27 repeats of the mucin domain, neutralizes up to 1.5 to 2 log of HAV by altering the viral particles (44) . Here, we analyzed the effect of IgA in the neutralization of HAV by these two mkHAVCR1/TIM1 soluble receptor forms (Fig. 8) compared to control PVR-Fc (P Ͻ 0.0001) (Fig. 8A) . Treatment with 5 g of IgG had no effect on the HAV titers (compare ϩIgG with NONE). However, in the presence of 5 g sIgA, mkHAVCR1/TIM1(IgV)-Fc neutralized approximately 1 log of HAV, which was significantly higher than in the presence of control IgG (P Ͻ 0.0001). We then tested HAV neutralization by mkHAVCR1/TIM1(IgVϩmucin)-Fc in the presence of sIgA (Fig. 8B ). We used a suboptimal nonsaturating concentration of 4 g mkHAVCR1/TIM1(IgVϩmucin)-Fc within the linear range of neutralization (44) (NONE) that, as expected, resulted in a 0.5-log reduction in the HAV titer compared to PVR-Fc (P Ͻ 0.0001). In the presence of 5 g sIgA, mkHAVCR1/TIM1(IgVϩmucin)-Fc neutralized approximately 1.5 log of HAV, which represented a significant increase in neutralization compared to neutralization in the absence of IgA (P Ͻ 0.0001). The significant increase in the receptor-mediated neutralization of HAV clearly shows that IgA enhanced the interaction of HAV with HAVCR1/TIM1.
DISCUSSION
The cell entry and pathogenic process of HAV are poorly understood. Although it is well established that HAV is transmitted through the fecal-oral route, it is unknown whether there is a primary site of HAV replication in the digestive system or whether the input virus is transported to the blood and then reaches the liver, its target organ (45) . HAV initially infects Kupffer cells, which are liver-resident macrophages, and then extends to the hepatocytes (2, 25, 42) . We have previously shown that HAVCR1/TIM1 is a receptor for HAV (13, 19) , but the exact role of this receptor in the pathogenesis of HAV needs to be fully elucidated. Soluble receptor forms of HAVCR1/TIM1 bind, alter, and neutralize HAV particles (43, 44) , which indicated that additional coreceptors are not required for the initial steps in HAV cell entry. Since IgA increased the receptor-mediated neutralization of HAV (Fig. 4) , it appears that additional factors may enhance the cell entry process of HAV. Several possible mechanisms by which IgA enhances the interaction of HAV with HAVCR1/TIM1 can be envisioned. For instance, binding of IgA to HAVCR1/TIM1 may expose epitopes or provide scaffolding to the HAVCR1/ TIM1 Ig-like virus binding domain, enhancing the virus-receptor interaction. We have previously shown that mkHAVCR1/ TIM1(IgV)-Fc cannot neutralize more than 0.5 log of HAV (43) . However, in the presence of IgA, neutralization of HAV by mkHAVCR1/TIM1(IgV)-Fc increased significantly ( (Fig. 8B) but not under saturating conditions (data not shown). Since HAVCR1/TIM1 is expressed at low levels in most tissues (13, 19) , except in testis and kidneys (19) mainly after injury (16) alone and complexed with IgA and HAV will provide a better understanding of the tripartite interaction of HAV, HAVCR1/ TIM1, and IgA and its role in the pathogenesis of HAV. The role of HAVCR1/TIM1 in the pathogenesis of HAV has not been fully investigated due to the lack of a small animal model for HAV and the difficulty of working with primates, the only available animal model for HAV. We have established that HAVCR1/TIM1 mediates cell entry of HAV in African green monkey kidney cells (19) and that Fc fusion proteins of this receptor bind and alter HAV particles (43, 44) . Since HAVCR1/TIM1 is expressed in human liver (3, 13, 19) and derived cell lines (G. G. Kaplan et al., unpublished results) as well as in many other tissues (13, 19) , HAVCR1/TIM1 may play a role in the pathogenesis of HAV. It has been suggested that the asialoglycoprotein receptor may play a role in virus entry to the liver in the presence of IgA anti-HAV antibodies by mediating the uptake of IgA-virus immune complexes (10) and that the antivectorial translocalization of IgA-coated HAV particles occurs in polarized epithelial cells via an IgA receptor (9) . However, there is plenty of evidence indicating that anti-HAV antibodies are not required for HAV infection. Indeed, HAV grown in cell culture in the absence of anti-HAV antibodies is infectious, and direct transfection of HAV infectious cDNA/cRNA into marmoset livers results in HAV infection in the absence of anti-HAV antibodies (11) . Since HAVCR1/ TIM1 and the asialoglycoprotein receptor are both IgA receptors, it is possible that they may play a role in relapsing HAV infection (40) , which occurs in the presence of anti-HAV antibodies in approximately 10% of hepatitis A cases.
In contrast to the increasing understanding of the role of mouse TIM family members in the immune response, very little is known about the immune function and natural ligands of the human members of the family, which include HAVCR1, HAVCR2, and TIMD4 (22) , which code for HAVCR1/TIM1, hTIM3, and hTIM4, respectively. In mice, studies indicate that Tim-1, Tim-2, Tim-3, and Tim-4 are expressed in different cell types and have distinct but important functions, while the roles of Tim-5, Tim-6, Tim-7, and Tim-8 are not known. Murine Tim-1 functions as a critical costimulatory molecule on CD4 ϩ T cells that regulates Th1/Th2 cell differentiation, tolerance, and airway hyperreactivity (48) . Mouse Tim-2 is upregulated in Th2 cells, may be involved in peripheral tolerance by providing an inhibitory signal to downregulate Th2 responses, and may regulate Th2 responses during autoimmune inflammation (5) . Two different ligands of Tim-2 have been identified that may have immune relevance: semaphorin 4A (23) and H-ferritin (6). Mouse Tim-3 is expressed only in differentiated Th1 cells and regulates Th1-mediated auto-and alloimmune responses (33, 37, 38) . Galectin 9 has been identified as a ligand of mouse Tim-3, and their interaction suppresses Th1 responses (53) . Mouse Tim-4, which is expressed in APCs, including mature dendritic cells, binds to mouse Tim-1, delivering a positive signal that costimulates T-cell proliferation (31) . Interestingly, we did not detect binding of HAVCR1/TIM1(IgV)-Fc to cells expressing human TIM4 at the cell surface (data not shown), suggesting that, in contrast to the murine TIMs, human TIM4 is not a ligand of HAVCR1/TIM1.
While our current studies reveal a somewhat surprising interaction between HAVCR1/TIM1 and IgA, interactions among immunoglobulin superfamily members are fairly com- (4, 24) . Human IgA exists in multiple forms of two subclasses: IgA1, the most abundant serum subclass produced in the bone marrow as a monomer, and IgA2, the predominant mucosal subclass found in a polymeric form synthesized by local plasma cells before being secreted (20) . The sIgA is a dimeric form that contains two additional polypeptides, the J chain and the secretory component, and functions at the first line of defense against pathogens. The function of serum IgA is poorly understood: it is not usually involved in humoral immune responses; does not activate complement; and regulates IgG-mediated phagocytosis, chemotaxis, bactericidal activity, oxidative burst, and cytokine release (20, 49) . Serum IgA has both anti- (51, 52) and proinflammatory (49) effects. IgA is thought to be involved in suppressing the development of atopy, but the molecular mechanisms involved in this process are poorly understood (35) . For instance, IgA deficiency is associated with increased susceptibility to autoimmune and allergic disorders (39) , and expression of the myeloid cell-specific IgA Fc receptor (CD89 or Fc␣RI) is upregulated in eosinophils from allergic patients (34) . It is possible that cells expressing HAVCR1/TIM1 or natural soluble forms of this receptor (3, 13, 19) may cross-link IgA on APCs and send a signal via Fc␣RI, resulting in the inhibition of the development of atopy. Since HAVCR1/TIM1 is a significant atopy susceptibility gene (30) , it is possible that different allelic forms of HAVCR1/TIM1 have different effects on APC activation. The mechanisms by which IgA and HAVCR1/TIM1 regulate the immune response are poorly understood. Our finding that IgA is a ligand of HAVCR1/TIM1 provides a link between these two molecules that may help us to understand their involvement in the regulation of the immune response. However, further research will be required to understand the immunological relevance of such an interaction.
In summary, using an expression cloning strategy, we identified IgA1 as a specific ligand of HAVCR1/TIM1. Further, the association between IgA1 and HAVCR1/TIM1, which could be specifically blocked by MAb to IgA1, Ig light chain, or HAVCR1/TIM1 or by treatment with excess IgA1, enhanced the interaction of HAVCR1/TIM1 with HAV. Our results suggest that the interaction of IgA with HAVCR1/ TIM1 may play a role in the pathogenesis of HAV, enhancing viral cell entry in cells expressing low levels of HAVCR1/ TIM1. Finally, our results indicate that the interaction between HAVCR1/TIM1 and IgA represents a new pathway for the regulation of the immune responses by TIM family members.
